ABSTRACT: Skeletal muscle is a very heterogeneous tissue consisting of diverse cell types with specific transcription profiles. Therefore, the measured mRNA abundance of a certain cell type marker is influenced by the transcriptional activity as well as by the usually unknown number of contributing cells in the sample. In studies on the transcriptional activity of adipogenic genes, as indicators for the development of intramuscular adipocytes, an altered number of adipocytes or respective progenitor cells can mask changes in transcriptional activity. To overcome this problem, we started to use laser microdissection to isolate RNA of adipocytes and muscle fibers separately for downstream analysis. Even muscle fiber types can be collected and analyzed separately. Laser microdissection in combination with biopsy techniques enables gene expression studies of particular cell types during the life cycle of an animal. First experiences using laser microdissection for adipogenic gene expression studies in bovine skeletal muscle are described, and the influence of sample preparation and future challenges are discussed.
INTRODUCTION
Intramuscular fat in bovine muscle is primarily accumulated and stored within adipocytes located in connective tissue between bundles of muscle fibers (Harper and Pethick, 2004) . It is well known that muscle fiber and adipocyte development in muscle tissue is interdependent and interactions between cells occur (Kokta et al., 2004) . When studying interactions between adipocytes and muscle fibers and their role in skeletal muscle development or intramuscular fat deposition, adipogenic and myogenic gene expression are of interest. Mature adipocytes, which are developing and growing in direct neighborhood of muscle fibers, are not only storing excess energy in form of fat, but also produce and secrete adipokines (Kokta et al., 2004) . These adipokines can influence the growth, development, and composition of skeletal muscle. In comparisons of cattle developing different intramuscular fat content, similar abundance of adipogenic transcripts can be measured in muscle (Huff et al., 2004; Xu et al., 2009; Yamada et al., 2009) . The composition of a sample can mask expression differences of a responsible cell type because skeletal muscle comprises different types of muscle fibers, connective tissue, adipocytes, and other cell types. Each cell type has a unique transcription profile and contributes to the resulting transcription profile of the muscle tissue. In the following, we show for the first time how the mRNA abundance of adipocyte markers can be measured in isolated intramuscular adipocytes and muscle fibers using muscle biopsy and laser microdissection in comparison with complete muscle tissue. The presented approach enables the study of changes in transcriptional activities of intramuscular adipocytes during the life cycle of an animal. The objective was to apply and optimize laser microdissection for isolation of specific cell types and reverse-transcription quantitative PCR (RTqPCR) for amplification and measurement of specific transcripts.
of the Japanese government (law No. 105, notification No. 6 ).
Animals and Sampling
Samples used were part of a study described in detail elsewhere (Albrecht et al., 2011) . Six Japanese Black and 6 Holstein steers were kept under the same conditions from 10 to 26 mo of age.
Samples of LM containing intramuscular adipocytes and subcutaneous fat (SCF) samples were harvested from the left side at the 12th to 13th rib region at 10, 14, 18, and 22 mo of age using the established shot biopsy technique (Wegner and Schöberlein, 1984; Schö-berlein, 1989; Bellmann et al., 2004) . A 6-mm cannula was used resulting in a total tissue sample of 3 to 5 g. The region where the biopsy was taken was prepared in accordance to surgical, aseptic standards of operation. Muscle samples were divided into 3 pieces; individual pieces were mounted on cork with Tissue Tek (tissue freezing medium, Sakura Finetechnical, Tokyo, Japan) and snap frozen in liquid nitrogen. One piece of each sample was processed by the author with laser microdissection using a PALM MicroBeam system (PALM, Bernried, Germany) at the laboratories of Pfizer Ltd. (Sandwich, UK).
Subcutaneous fat samples were stored in RNAlater (Applied Biosystems, Tokyo, Japan) and were shipped to the Leibniz Institute for Farm Animal Biology, Dummerstorf, Germany, for further processing either for histology or for RNA extraction.
Laser Microdissection
Biopsy samples were cut into 10-μm serial sections on a cryostat microtome (CM 3050 S, Leica, Germany) at −20°C. One slice was used as a control section and was placed directly in lysis buffer and frozen on dry ice. Several serial sections were transferred simultaneously to a PALM Membrane Slide (PALM, Bernried, Germany) and were air-dried. Slides were then successively placed in 95% ethanol (−20°C), 70 and 50% ethanol at room temperature for 30 s each. Gentle agitation during the last step helped to dissolve and remove the Tissue Tek. Sections were stained with eosin (diluted 1:3 with distilled, RNase-free water, plus 1 droplet of acetic acid) for 40 s, shortly rinsed with RNase-free water, and dehydrated in increasing concentrations of ethanol (50%, 75%, 90%, 2 × 100% for 30 s each). At the end of the dehydration procedure, slides were transferred to a container with xylene, gently moved up and down, and placed in a second container with xylene for 5 min. Finally, the slides were air-dried under a fume hood. Slides were immediately used for laser microdissection (MicroBeam, PALM, Bernried, Gemany). Regions for cutting adipocytes were marked so that adipocytes and adjacent cells, except muscle fibers, were cut ( Figure  1a ). For each sample, 100 to 300 cells ( Figure 1b) were collected in an Adhesive Cap (PALM) and lysed in buffer RLT (RNeasy Micro Kit, Qiagen, Crawley, UK) including 20 ng of carrier RNA, according to manufacturer's instructions. The homogenized lysate was frozen on dry ice and stored at −70°C before shipping to and further processing at the Leibniz Institute for Farm Animal Biology.
RNA Extraction and RT-qPCR
Total RNA was extracted from unstained control sections, isolated adipocytes, and isolated muscle fibers using the RNeasy Micro Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The total amount of RNA (10 μL) was used to generate cDNA using iScript cDNA Synthesis Kit (Bio-Rad, Munich, Germany). Extraction of RNA and cDNA generation from muscle tissue and SCF are described by Albrecht et al. (2011) .
The abundance of fatty acid binding protein 4 (FABP4), adipose differentiation-related protein (ADFP), and C/EBPβ mRNA was quantified by RTqPCR (iCycler, Bio-Rad) according to Löhrke et al. (2005) . Briefly, 2-μL (microdissected samples) or 1-μL (other) aliquots of each RT reaction were primed, in each 10 μL of PCR, using an iQ-SYBR green supermix (BioRad) and gene-specific oligonucleotides (Table 1 , final concentration 0.2 μM). The mRNA abundance was normalized to ribosomal protein S18 (RPS18) mRNA to account for different amounts of RNA in microdissected samples. Each cDNA was quantified in duplicate to increase accuracy. The specificity of amplification was determined by melting curve analysis and agarose gel electrophoresis in comparison with an oligonucleotide molecular mass ladder to confirm that the calculated molecular mass of the cDNA corresponded to the produced cDNA. The cDNA structure was checked in previous experiments by sequencing. The reported sequences matched exactly to those published in GenBank.
Adipocyte Size Determination
The images saved during microdissection were used to measure the size of intramuscular adipocytes by image analysis. We used the interactive measurement module of Cell^D image analysis software (OSIS, Münster, Germany). Adipocytes were measured after following the contour using the interpolating polygon function. Cross-sectional area and diameter were measured using the calibration information of the respective image.
Subcutaneous fat samples from biopsy were primarily used for RNA extraction and gene expression analysis. Additionally, it was possible to prepare histological slides from a limited number of samples to measure the adipocyte size.
RESULTS AND DISCUSSION
The main part of a mature adipocyte consists of a fat vacuole. The nucleus and the cytoplasm are pushed to a peripheral position (Boone et al., 2000) . After preparation of muscle sections for laser microdissection, the fat vacuoles are lost and the adipocytes appear as a network of cell walls. To collect as much as possible of these cell parts, it is important not to set the laser cuts too close to the cell walls. Collecting clusters of adipocytes with minimal number of cuts is advantageous (Figure 1a ). Laser energy, velocity, and focus had to be optimized for each sample according to thickness of the slice and tissue composition. Adipocytes were often embedded in strong connective tissue. This caused the problem that the laser was not able to cut it the first time. Cutting had to be repeated several times before catapulting the respective piece into the adhesive cap (Figure 1b) . Some pieces were not catapulted to the cap so it was not possible to determine the exact number of collected cells. This is of importance when comparing the transcriptional activity of one cell type in different samples and raises the question for normalization. Erickson et al. (2007) also reported that cell counting is not a favorable normalization strategy. Furthermore, the amount and quality of extracted RNA from lasermicrodissected adipocytes could not be measured because it was below the detection limit. In accordance with Erickson et al. (2007) , we therefore decided to use a reference gene (RPS18) for normalization. The complete RNA sample was used for cDNA generation. Consequently, the amount of cDNA generated was different in each sample. Because of the limited amount of cDNA, we measured the mRNA abundance of 1 reference gene (RPS18), 2 adipocyte-specific genes (FABP4 and ADFP), and 1 less abundant transcription factor (C/EBPβ). A study of 65 laser-microdissected samples revealed 82 to 100% generation of specific products for lowly and highly abundant genes, respectively (data not shown).
Preparation of the slides, time of the procedure, and staining influenced the PCR results. Therefore the time of preparation and contact with water-containing solvents should be minimized. Staining of the samples is not always necessary. When working with muscle sections, dehydration and air drying after xylene treatment cause a brownish appearance of muscle fibers and connective tissue similar to staining, often with discriminated muscle fiber types (Figure 2) . In combination with serial sections for fiber typing, this can simplify the collection of muscle fibers of one type and thus enables fiber-type-specific gene expression studies. Compared with the technique described by Adachi et al. (2007) , the advantage is that the probability of RNA degradation is reduced by this treatment and better results can be achieved. As an example, we observed a reduction of the mean threshold cycle for RPS18 from 25 to 22 in comparable samples when omitting eosin staining. Further studies using fiber-type-specific markers are necessary to verify this approach.
The differentiation and development of adipocytes is accompanied by transcriptional activity of related genes (Rosen and MacDougald, 2006) . Consequently, the expression of adipocyte-specific genes like FABP4 and ADFP (see example in Table 2 ) was greater in isolated adipocytes than in complete muscle samples and almost absent in isolated muscle fibers. This demonstrates that the measured mRNA abundance was cell-type-specific and was probably determined by the number of adipocytes in the control section. The expression of the transcription factor C/EBPβ was less in adipocytes and muscle fibers than in the control section (10 μm thick, untreated). This indicated that C/EBPβ is expressed in different cell types and is not adipocyte specific.
The examples (Table 3) show that laser microdissection allows studying changes of gene expression in an animal during growth and in relation to phenotypic traits. The normalized mRNA abundance of FABP4 in isolated adipocytes was similar to that in subcutaneous adipose tissue, but much greater than in complete muscle tissue. This indicates again the measurement of adipocyte-specific mRNA and suggests that FABP4 expression is independent of cell size, which was larger in SCF. On the other hand, a comparison of gene expression profiles of intramuscular fat and SCF indicated clear differences between these depots (Albrecht et al., 2010) . Therefore, identical results for intramuscu- lar and subcutaneous adipocytes cannot be expected. Whereas the expression of adipocyte-specific genes was much less in complete muscle tissue than in isolated adipocytes, this was not the case for the expression of transcription factor C/EBPβ. As shown in a previous study (Xu et al., 2009) , C/EBPβ is also expressed in cells other than adipocytes, which contributes to the measured mRNA abundance. Whereas an increasing FABP4 mRNA abundance in the respective undissected muscle biopsy samples (Table 3) was detected with growing age of the animals, this could not be verified in isolated cells. The results suggest that a greater number of fat cells contributed more to the increased mRNA abundance in muscle tissue than an increased transcriptional activity of the cells.
Highly abundant genes can reliably be quantified in laser-microdissected cells, but also low-abundance transcripts like C/EBPβ can be detected and quantified. Compared with muscle tissue, the mRNA abundance of adipocyte-specific genes such as FABP4 and ADFP was much greater in isolated adipocytes. The results show that laser microdissection is a useful tool to investigate transcriptional activity of particular cell types in heterogenous tissue such as skeletal muscle. The results indicate that it is possible to collect intramuscular adipocytes, isolate intact RNA, and measure specific gene expression. This enables further research on the contribution of different cell types to muscle development. Nevertheless, further investigations are needed regarding comparability of samples, suitable reference genes, influence of different staining techniques for cell type discrimination (e.g., preadipocytes), accuracy, and repeatability of obtained results.
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